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Determinants of the effect of furosemide on the proximal
tubule. The recollection renal micropuncture technique was
used to assess fractional and, on occasion, absolute volume
reabsorption in the dog late proximal tubule before and du-
ring a furosemide diuresis in which urine losses were or were
not replaced. Similar observations were made before and after
the cessation of volume replacement during an established
diuresis, and before and during partial renal arterial constric-
tion in the presence of an established diuresis and simultaneous
replacement of urine losses. Maintenance of filtration rate and
extracellular fluid (ECE) volume was attended by clear reduc-
tion of fractional reabsorption; conversely, fractional reabsorp-
tion increased markedly in the presence of ECF volume con-
traction and filtration rate reduction. Cessation of volume re-
placement during an established diuresis was followed by filtra-
tion rate reduction, enhanced fractional reabsorption, and no
change in absolute reabsorption. Partial renal arterial constric-
tion (in the presence of an established diuresis and maintenance
of ECF volume) effected prompt filtration rate reduction and
increased fractional reabsorption. The proximal tubule must be
included among the sites of action of furosemide, but a drug-
indoced reduction of fractional reabsorption may be obscured
by changes of filtration rate. Volume-mediated direct enhance-
ment of proximal reabsorption was not observed.
Determinants de l'effet do furosCmide dons le tube proximal.
La technique de recollection en microponction rénale a étb
utilisée pour évaluer Ia reabsorption fractionnelle et, a l'occa-
sion, Ia reabsorption absolue de volume dans le tube proximal
du chico avant et pendant une diurése par Ic furosemide alors
que les pertes urinaires étaient ou n'étaient pas remplaeées.
Des observations comparables ont ate faites avant et aprés la
cessation du remplacement du volume perdu au coors d'une
diurCse établie, et avant et pendant Ia constriction partielle d'une
artCre rénale en presence d'une diurèse etablie et Ic remplace-
ment simultané des pertes urinaires. Le maintien de Ia filtration
glomérulaire et du volume extracellulaire était accompagoC d'uoe
diminution oette de Ia reabsorption fractioonelle; ix l'inverse, Ia
reabsorption fractionnelle augmeotait de façon importante en
presence d'une contraction du volume extracellulaire et d'une
reduction du taux de filtration. L'arrët de remplacement du
volume perdu au cours d'uoe diurese etablie était accompagné
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d'une diminution du taux de filtration, d'uoe réabsorptioo
fractionnelle augmentée, sans changement dans Ia reabsorption
absolue. lJne constriction partielle de l'artere renale (en pré-
sence d'une diurése établie et un maintien du volume extra-
cellulaire) a provoqué une diminution rapide du taux de filtra-
tion et une augmentation de Ia reabsorption fractionnelle. Le
tube proximal doit être considéré eomme on des sites d'action
du furosemide, mais une diminution de Ia reabsorption frac-
tionnelle produite par un médicament peut étre masquée par
des changements do taux de filtration. Une augmentation directe
de la reabsorption proximale due au volume o'a pas ete observée.
Previous renal micropuncture studies [1, 2] have
failed to demonstrate a clear reduction of fractional
volume reabsorption in the proximal tubule of the
dog during furosemide diuresis. For the most part,
this circumstance has been attributed to the appearance
of certain counter-balancing determinants of proximal
reabsorption which tend to obscure or offset the
influence of a furosemide-induced inhibition of
absolute volume reabsorption by the proximal
tubule [I]. At least two such counter-determinants of
fractional reabsorption have been considered:
1) direct enhancement of proximal reabsorption via
some function of a diuretic-induced contraction of
extracellular fluid (ECF) volume [1]; 2) a drug-
induced reduction of filtration rate per se [2].
The present renal micropuncture experiments were
initiated to re-evaluate the presence or absence of a
proximal site of action of furosemide in the dog, and
to provide further insight into the nature of those
determinants of fractional reabsorption that might
tend to obscure the detection of any drug-induced
reduction of absolute reabsorption. Particular attention
was directed toward the identification of any volume-
mediated enhancement of absolute reabsorption that
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might contribute to increased fractional reabsorption
when drug-induced urine losses were not replaced and
contraction of the ECF volume was permitted to
occur.
Methods
Simultaneous renal micropuncture and standard
clearance experiments were conducted on 24 healthy
mongrel dogs weighing between 13 and 21 kg. All
studies were performed on spontaneously antidiuretic
animals that had been allowed free access to water
until removal from their cages on the morning of the
experimental day. Anesthesia was induced by the
intravenous administration of sodium pentobarbital
(30 mg/kg); the desired level of anesthesia was main-
tained throughout each experiment by the infrequent
administration of additional small doses whenever
necessary. Respiration was maintained with a Harvard
respirator via a cuffed endotracheal tube. Both foreleg
veins were catheterized with polyethylene tubing, one
for the administration of 10% inulin in 0.85% saline
(1.3 mI/mm), the other for the minute-to-minute
replacement of drug-induced urine losses with 0.60%
saline whenever necessary. The right femoral artery
was catheterized for repetitive measurements of the
arterial blood pressure (Statham strain gauge and
Hewlett-Packard multichannel recorder) and the
periodic withdrawal of blood samples for analysis. An
additional small catheter was introduced into the
aorta via the same femoral artery and its tip was
positioned at the approximate level of the left renal
artery. Small volumes (0.5 to 1.0 ml) of 10% lissamine
green dye were injected through this catheter to
facilitate the identification of late proximal segments.
Both ureters were catheterized via a small niidline
abdominal incision so that timed collections of urine
could be obtained sequentially from the separate
kidneys. After the equilibration of an initial priming
dose of inulin, sequential renal clearance periods of
15 to 45 minutes' duration were obtained throughout
the duration of each experiment. Heparinized samples
of arterial blood (5 to 6 ml) were obtained during
each urine collection period for measurements of the
plasma concentrations of inulin, sodium, and potas-
sium. Similar determinations of inulin and electrolyte
concentration were performed on suitable aliquots of
each timed urine collection.
Preparatory to renal micropuncture utilizing the
recollection technique, the left kidney was exposed,
isolated, and mounted on a lucite holder as described
previously [3, 4]. Several late proximal segments were
first identified during the intraluminal injection of
nigrosin, and the puncture sites were marked by a
tiny intra-epithelial stain of dye as the pipet was
withdrawn slowly from the tubular lumen. Samples of
tubular fluid were then obtained repetitively from the
same puncture sites for measurements of inulin
concentration before and during various experimental
maneuvers. The reliability and certain technical
aspects of the recollection technique as applied in our
laboratory have been described in earlier publications
[3, 4]. When obtained, estimates of single nephron
filtration rate (SNFR) were derived from measure-
ments of inulin concentration in timed and complete
collections of late proximal fluid during the mainten-
ance of the distal intraluminal position of a small oil
droplet. Absolute volume reabsorption was calculated
by the equation SNFR-V0, where V0 equals the volume
of collected tubular fluid (nI/mm).
Sequential clearance periods, repetitive collections
of late proximal fluid and, on occasion, measurements
of SNFR were obtained in four groups of dogs, each
of which was exposed to one of four experimental
maneuvers. In each of these four circumstances,
identical measurements were made I) before and
during the administration of furosemide without the
simultaneous replacement of drug-induced urine losses
(6 dogs); 2) before and during a maximal furosemide
diuresis in which drug-induced urine losses were
replaced carefully and simultaneously with 0.60%
sodium chloride (5 dogs); 3) before and after the
cessation of replacement of drug-induced urine losses
in animals undergoing a sustained furosemide diuresis
(5 dogs); 4) before and during the superimposition of
partial renal arterial constriction (adjustable ligature)
in animals undergoing an established furosemide
(3 dogs) or ethacrynic acid-induced (5 dogs) diuresis
with simultaneous replacement of urine losses.
Recollections of tubular fluid were always obtained
within 20 to 60 minutes after the induction of any
given experimental maneuver. In all studies, I urose-
mide or ethacrynic acid was administered intra-
venously as a single initial dose (3.0 or 0.5 mg/kg,
respectively) followed by a constant infusion (3.0 or
0.5 mg/kg/hr, respectively).
Ultramicro measurements of inulin concentration
were performed on triplicate aliquots of each sample
of tubular fluid according to the fluorometric method
of Vurek and Pegram [5]. Plasma and urine con-
centrations of inulin were determined by the anthrone
method of Führ, Kacmarczk, and Krüttgen [6].
Parallel analyses of unknown inulin solutions were
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always carried out utilizing both ultramicro and
macro methodology; the results usually agreed within
Sodium and potassium concentrations in
urine and plasma were determined by standard flame
photometry. Appropriate statistical analyses were per-
formed utilizing either the paired or unpaired t-test.
Results
Recollection of proximal fluid after the intravenous
administration of furosemide without replacement of
drug-induced urine losses. Paired collections of late
proximal fluid were obtained from 22 tubules of
6 dogs before (spontaneous antidiuresis) and during
the administration of furosemide without the replace-
ment of urine losses (Table 1). The clearance of inulin
(C1) by the experimental kidneys alone averaged
35.3 SD 8.8 ml/min during control antidiuresis, and
fell to 24.8 SD 8.0 ml/min during the administration
of furosemide. Urine sodium excretion (UNaY) by the
single organ rose from 91 SD 77 to 389 SD l80p Eq/
mm; fractional sodium excretion (CNa/TCln) increased
from 1.7±SD 0.9 to ll.5±SD 3.9%. Furosemide-
induced contraction of the extracellular fluid (ECF)
volume, filtration rate reduction, and natriuresis was
almost always accompanied by a definite increase of
fractional volume reabsorption in the late proximal
tubule (Fig. 1); the ratio between the inulin con-
centrations in proximal tubular fluid and plasma
Fig. 1. Late proximal TFJP inulin ratios before and during furo-
semide administration without replacement of drug-induced
urine losses.
(inulin TF/P ratio) averaged 1.30 SD 0.18 during anti-
diuresis, and rose to 1.56 SD 0.24 during furosemide
diuresis (P<0.01).
Recollection of proximal fluid after the intravenous
administration offurosemide with simultaneous replace-
ment of drug-induced urine losses. Paired samples of
Table 1
Summary of experimental observations a
Group Experimental Replace- C1b UNaVb CNa/Clnb TF/P1 SNFR Absolute
No. maneuver ment of
urine
losses mi/mm /AEq/min % ni/mm
reabsorp-
tion
nl/mi,i
1 Control (antidiuresis) 35.3 8.8 91 77 1.65 0.90 1.30 0.18 — —
Furosemide — 24.8± 8.0 389±180 11.49±3.86 1.56±0.24
2 Control(antidiuresis) 33.0± 8.7 41± 38 0.73±0.57 1.48±0.38
Furosemide + 34.2± 9.6 1438 27.41 1.30
3 Furosemide + 34.415.6 1053±616 17.72±9.80 1.50±0.13 98.0±33.0 31.8±14.3
Furosemide — 24.6± 9.3 342±184 9.09±4.70 1.96±0.30 59.5± 16.9 27.9± 7.0
4a Control (ECA) + 20.0± 5.7 — — 1.50±0.35
Constriction (ECA) + 7.1± 3.2 — — 2.26±0.79 — —
4b Control (Furosemide) +
Constriction (Furosemide) +
26.4± 6.5
14.9± 2.6
—
—
—
—
1.26±0.14
1.48
—
— —
a All values are mean SD.
13 Experimental kidney.
Abbreviations: C1= inulin clearance; UNaV= urine sodium excretion; TF/P= tubular fluid to plasma; SNFR= single nephron
filtration rate; CNa =clearance of sodium; ECA = ethacrynic acid.
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late proximal fluid were obtained from 26 tubules of
5 dogs before and after the administration of furose-
mide with simultaneous replacement of drug-induced
urine losses (Table 1). Inulin clearance remained
essentially constant, averaging 33.0 SD 8.7 mI/mm
during control antidiuresis and 34.2 SD 9.6 mi/mm
during furosemide diuresis. Urine sodium excretion
increased markedly from 41 SD
915 iEq/min, while fractional sodium excretion rose
from 0.73 SD 0.57 to 27.4 SD 9.7%. The maintenance
of filtration rate and the avoidance of undue contraction
of the ECF volume were accompanied by a clear
reduction of fractional volume reabsorption in the late
proximal tubule (Fig. 2); the proximal TF/P inulin
ratio averaged 1.48 SD 0.38 during control anti-
diuresis, and fell to 1.30 SD 0.17 after furosemide
administration (P< 0.05).
Recollection of proximal fluid during sustained
furosemide diuresis with and without replacement of
drug-induced urine losses. Samples of late proximal
fluid were obtained from 25 tubules of five dogs before
and after the cessation of urinary loss replacement
during sustained furosemide diuresis (Table 1). C1,,
averaged 34.4 SD 15.6 mI/mm during replacement,
and fell to 24.6 SD 9.3 mI/mm (average reduction:
— 19%) approximately 45 minutes after cessation of
the simultaneous replacement of urinary losses.
Filtration rate reduction and presumed contraction of
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Fig. 3. Influence of the replacement of drug-induced urine losses
on proximal TF/P inulin ratios during sustained furosemide
diuresis.
the ECF volume was attended by a reduction of UNaV
from 1053 SD 616 to 342 SD 184 iEq/min;similarly,
fractional sodium excretion fell from 17.7± SD 9.8 to
9.1 SD 4.7%. Significantly, fractional volume re-
absorption (as reflected by changes of the TF/P
inulin ratio) increased from 1.50 SD 0.13 during
furosemide diuresis with replacement, to 1.96 SD 0.30
after the cessation of replacement (P<0.00l; Fig. 3).
The observed reduction of whole kidney C1,, after the
cessation of replacement was accompanied by a
parallel but disproportionately greater reduction of
SNFR; on the average, SNFR fell from 98.0 SD 33.0
to 59.5 SD 16.9 nl/min (P.<0.00l). Absolute volume
reabsorption was not decreased significantly (Fig. 4);
on the average, it fell minimally, if at all, from 31.8±
SD 14.3 to 27.9 SD 7.0 ni/mm (P>0.20).
Recollection of proximalfluid before and after partial
renal arterial constriction during a sustained furosemide
or ethacrynic acid diuresis with simultaneous replace-
ment of urine losses. Paired proximal samples were
obtained from 15 tubules of three dogs undergoing a
furosemide-induced diuresis, and from 25 tubules of
five dogs undergoing an ethacrynic acid1 diuresis
(Table I). In those animals which received furosemide,
partial renal arterial constriction was attended by an
averaged reduction of C1,, from 26.4 SD 6.5 to
Samples from 18 of these 25 tubules were described in a
previous report [4].
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Fig. 2. Late proximal TF/P inulin ratios before and during furo-
semide administration and constant replacement of all drug-
induced urine losses.
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Fig. 4. Proximal absolute reabsorption during constant furose-
mide infusion with and without replacement of urine losses. The
TF/P inulin ratios for these nephrons are given in Fig. 3.
14.9 SD 2.6 mI/mm. The late proximal TF/P inulin
ratios increased significantly from l.26±sD 0.14 to
1.48 SD 0.26 (P<0.001; Fig. 5). Similarchanges were
observed in those animals receiving ethacrynic acid;
C1 fell from 20.0 SD 5.7 to 7.1 SD 3.2 ml/min
(P.<0.001), while the late proximal TF/P inulin ratio
rose from 1.50 SD 0.35 to 2.26 SD 0.79 (P<O.001;
Fig. 5).
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Fig. 5. Effect of renal arterial constriction on proximal TF/P
inulin ratios during sustained furosemide (solid circles) or etha-
crynic acid diuresis (open circles). Urine losses were replaced
constantly. Eighteen of the 25 observations during ethacrynic
acid diuresis have been described in an earlier publication [4].
Discussion
These results demonstrate clearly that the proximal
convoluted tubule must be included among the sites of
action of furosemide—at least in the dog. This fact was
most apparent under conditions in which a drug-
induced contraction of ECF volume was minimized or
prevented by the simultaneous replacement of diuretic
urine losses, and filtration rate was well sustained. At
least in that circumstance, the observed reduction of
fractional reabsorption implied clearly that furosemide
administration can and does effect a parallel reduction
in the absolute rate of reabsorption by the proximal
tubule.
Most importantly, the present results complement
and extend other micropuncture observations in the
dog that have provided earlier evidence on the proximal
effects of furosemide. In particular, they provide
additional insight into the nature of those events that
may tend to offset or obscure a furosemide-induced
inhibition of proximal reabsorption. For example,
Dirks, Cirksena, and Berliner [11 first observed that
fractional reabsorption increased markedly during
furosemide diuresis when urine losses were not
replaced and a resultant contraction of ECF volume
and a definite reduction (—24%) of filtration rate were
permitted to occur. They concluded that evidence of
a proximal site of action could not be found and that
the observed increase of fractional reabsorption might
be related to a direct influence of some factor associ-
ated with volume contraction on epithelial reab-
sorption. The present results are confirmatory of
these earlier observations in the sense that volume
contraction and filtration rate reduction were clearly
shown to be associated with increased fractional
reabsorption during furosemide diuresis.
More recently, the proximal effect of furosemide in
the dog was re-examined under conditions in which
the drug-induced contraction of ECF volume was
prevented by the replacement of urine losses [2]. Drug
administration was still attended by the spontaneous
appearance of moderate filtration rate reduction but
fractional reabsorption remained unchanged and
absolute reabsorption fell by 37% [2]. Additional
experiments during partial aortic clamping alone [2]
demonstrated that filtration rate reduction was
accompanied by the appearance of enhanced fractional
reabsorption; hence, the authors concluded that
furosemide did exert a proximal effect but that its
detection as reduced fractional reabsorption was
obscured by a counter-balancing influence of filtration
.
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rate reduction. The present results are consistent with
this view—particularly the finding of reduced fractional
reabsorption as ECF volume and filtration rate were
sustained, and the observation of increased fractional
reabsorption as filtration rate was lowered by the
superimposition of partial renal arterial constriction
on a pre-existing furosemide diuresis in which ECF
volume was maintained constant.
The results of recent studies in the dog from our
own laboratory have also emphasized that changes of
filtration rate provide an important determinant of
the net proximal effect of ethacrynic acid [4]. As
observed in the present studies with furosemide, the
administration of ethacrynic acid was accompanied by
a reduction of fractional reabsorption when ECF
volume and filtration rate remained unchanged;
similarly, as suggested by Knox et al. [2] during
furosemide diuresis, the detection of reduced fractional
reabsorption was obscured by the appearance of
unpredictable changes of filtration rate that were
independent of any change of ECF volume. Fractional
reabsorption was unchanged in the presence of
moderate filtration rate reduction, and increased when
filtration rate reduction was more severe [4].
Thus, when viewed collectively, the results of the
present studies and those of others [1, 2, 4] suggest
strongly that changes of filtration rate per se (from
whatever cause) provide an important determinant of
fractional reabsorption by the proximal tubule during
both furosemide and ethacrynic acid diuresis. As
discussed previously [4], none of these studies afford
any insight into the actual mechanism(s) by which
filtration rate reduction effects a counter-balancing
tendency to increase fractional reabsorption and
thereby obscures any drug-induced inhibition of
volume reabsorption. As suggested by the studies of
Knox et al. [2], it is perhaps simplest to suspect that
filtration rate reduction is merely superimposed on a
drug-related reduction of absolute reábsorptive rate
(that might be lesser or greater than that observed
during the maintenance of normal glomerulotubular
balance); accordingly, the observed response of
fractional reabsorption may well reflect nothing more
than the quantitative relationship between the magni-
tude of filtration rate reduction and that of absolute
reabsorption. Furthermore, it is entirely possible that
drug-induced increases in renal blood flow (decreased
filtration fraction) and the appropriate changes in
peritubular capillary oncotic and/or hydrostatic pres-
sure, in themselves, may have contributed to the
decrease in proximal sodium reabsorption. In any
event, it does seem likely that the normal mechanism
of glomerulotubular balance has been disrupted by
furosemide or ethacrynic acid whenever their ad-
ministration is accompanied by filtration rate reduction
and a marked (and seemingly disproportionate) rise
of fractional reabsorption.
The present results provide additional evidence on
the influence of factors other than filtration rate
reduction on the proximal effect of furosemide. As
implied originally by Dirks et al. [1], the possibility has
not yet been excluded that some factor(s) associated
with volume contraction per se (other than filtration
rate reduction) might also serve to overcome the local
inhibitory effect of furosemide, enhance the absolute
rate of proximal reabsorption directly, and thus
contribute at least partially to increased fractional
reabsorption during a drug-induced contraction of
ECF volume. The observed constancy of absolute
reabsorption during furosemide diuresis in the presence
and absence of volume replacement suggests that such
is not the case. A volume-mediated enhancement of
absolute reabsorption was not observed; instead, at
first glance, the observed rise of fractional reabsorption
would appear to be related solely to a volume-related
reduction of filtration rate in association with a
constant (and assumedly already reduced) value for
absolute reabsorption.
On the other hand, insofar as volume-mediated
filtration rate reduction is similar to that effected by
partial arterial occlusion, and insofar as the dog
resembles the rat under similar experimental condi-
tions, the very constancy of absolute reabsorption in
the presence or absence of ECF volume contraction
might suggest that a volume-mediated influence has
blunted or eliminated the usual reduction of absolute
reabsorption that may accompany other types of
filtration rate reduction in both rat and dog [1, 2, 4,
7—9], i.e., the maintenance of normal glomerulo-
tubular balance. Alternatively, and perhaps more
likely, one might speculate that volume contraction
per Se effects no direct influence on epithelial re-
absorption, and that a drug-induced inhibition of
absolute reabsorption has merely disrupted the normal
mechanism of glomerulotubular balance that assum-
edly obtains during volume-mediated filtration rate
reduction. The issues are complex and unresolved; in
any event insofar as both ethacrynic acid and furose-
mide are concerned, the directional response of
fractional reabsorption (and resultant volume delivery
to more distal sites of action) seems most influenced by
changes of filtration rate per Se (or some function there-
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of, i.e., peritubular hemodynamics, etc.); factors
associated with volume contraction per se seem to
exert little if any influence.
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